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ABSTRACT
Below the Néel temperature, TN ∼ 220 K, at least two nano-scale antiferromagnetic (AFM) phases coexist in the polar polymorph of the
BiFe0.5Sc0.5O3 perovskite; one of these phases is a weak ferromagnetic. Non-uniform structure distortions induced by high-pressure synthesis
lead to competing AFM orders and a nano-scale spontaneous magnetic phase separated state of the compound. Interface exchange coupling
between the AFM domains and the weak ferromagnetic domains causes unidirectional anisotropy of magnetization, resulting in the exchange
bias (EB) effect. The EB field, HEB, and the coercive field strongly depend on temperature and the strength of the cooling magnetic field. HEB
increases with an increase in the cooling magnetic field and reaches a maximum value of about 1 kOe at 5 K. The exchange field vanishes
above TN with the disappearance of long-range magnetic ordering. The effect is promising for applications in electronics as it is large enough
and as it is tunable by temperature and the magnetic field applied during cooling.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5135586., s
I. INTRODUCTION
Multiferroic materials with polar and magnetic orders com-
bine spontaneous magnetization and electric polarization and offer
a unique opportunity to effectively cross-control these parameters.
Therefore, the search for new multiferroics has attracted the atten-
tion of many research groups worldwide.1–3
The compositions derived from the “classical” type-I multifer-
roic BiFeO3 are the best studied materials.4,5 Cation substitutions in
the crystallographic positions of bismuth result mainly in a change
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in the temperature of the ferroelectric transition, while the iron-
site substitutions allow variation of the magnetic transition. Using
conventional synthesis routes, it is usually possible to achieve only
10–15 mol. % of substitution of iron in bismuth ferrite by other B3+
cations even when the size difference between Fe3+ and a substituent
is not big. Application of the high-pressure (HP) synthesis technique
enables one to produce single-phase Bi(Fe, B3+)O3 solid solutions
over a wide compositional range and obtain new bulk perovskite
phases that cannot be formed at ambient pressure.6–10 Moreover, it
has been recently shown that the post-synthesis thermal treatment
of high-pressure stabilized phases can result in formation of novel
phases via annealing-stimulated irreversible phase transformations
(conversion polymorphism of metastable phases).11,12
Using HP synthesis, a metastable equimolar solid solu-
tion between bismuth ferrite and bismuth scandate, namely,
BiFe0.5Sc0.5O3, which is the focus of the present study, was pro-
duced.13 The as-prepared perovskite BiFe0.5Sc0.5O3 phase is the
antipolar Pnma polymorph that can be irreversibly converted to
the polar Ima2 one by annealing within a temperature range of
820–920 K at ambient pressure. Long-range antiferromagnetic
(AFM) ordering with a weak ferromagnetic (FM) component was
found in both Pnma and Ima2 polymorphs of BiFe0.5Sc0.5O3 below
the Néel temperature, TN ∼ 220 K.13 Besides, the polar Ima2
modification is a rare case of canted ferroelectrics, which com-
bines both ferroelectric- and antiferroelectric-like displacements of
cations along different crystallographic axes. This polymorph defi-
nitely deserves a detailed study. We have recently reported unusual
magnetic properties of this material, which were associated with its
glassy magnetic behavior and two distinct (linear and non-linear)
contributions to the total magnetic moment. The non-linear con-
tribution was found to be extremely sensitive to the applied mag-
netic field.14 In order to clarify the nature of these contributions, a
series of complementary magnetic measurements was undertaken.
The main objective of such an extended study was to detect an
exchange bias (EB) effect, which is direct evidence of the magnetic
phase-segregated state.
The EB effect manifests itself as a shift in a magnetic hysteresis
loop along the magnetic field axis when the sample is cooled in the
presence of a magnetic field below the magnetic ordering tempera-
tures. The effect is caused by an exchange interaction at the inter-
face between different magnetic phases, which induces an additional
unidirectional anisotropy of magnetization.15–18 Exchange bias has
been observed in various magnetic systems at the interfaces between
the magnetic phases such as ferromagnetic, antiferromagnetic, fer-
rimagnetic, and spin glass. Among these systems, the ferromag-
netic/antiferromagnetic bilayers are the most explored.19 The EB
phenomenon has been widely studied because of its importance
in spintronic applications as a magnetic random-access memory
and as spin valves.20,21 It should be noticed that the EB effect has
been observed not only in artificially prepared systems like bilay-
ers but also in spontaneously phase-segregated compounds. At rela-
tively high temperature, these compounds exist as single-phase sys-
tems. However, due to phase transformations at a lower tempera-
ture, they split into different coexisting magnetic phases (i.e., they
become phase segregated). For instance, the spontaneously phase
segregated perovskites Pr2/3Ca1/3MnO3 and Nd2/3Ca1/3MnO3 are
composed of FM nanodomains immersed in a charge-ordered AFM
host matrix.22,23 Exchange coupling at interfaces between the FM
domains and the surrounding AFM matrix causes a unidirectional
anisotropy of magnetization that results in the EB effect.
Possible applications as well as fundamental interest have moti-
vated researchers to seek for the EB phenomenon in new crys-
talline phases. Here, we report on a detailed study of the EB effect
in the polar Ima2 polymorph of the metastable BiFe0.5Sc0.5O3 per-
ovskite and demonstrate that the effect is associated with nano-sized
magnetic phase separation in this material.
II. EXPERIMENTAL DETAILS
Dense homogeneous ceramics of the BiFe0.5Sc0.5O3 composi-
tion were synthesized under high-pressure from the precursor pre-
pared via a sol-gel combustion route. Details of the precursor prepa-
ration and the high-pressure synthesis can be found in Ref. 24 and
the supplementary material.
The obtained ceramic samples were annealed in air at 870 K
for 3 h to ensure a complete transformation from the as-synthesized
antipolar Pnma phase to the polar Ima2 phase. Phase analysis of the
samples was performed using a PANalytical X’Pert Powder x-ray
diffractometer (XRD, Ni-filtered Cu Kα radiation) at room tem-
perature. The microstructure of fractured surfaces of the samples
was studied using a Hitachi S-4100 scanning electron microscope
(SEM).
Magnetic properties of the samples were measured in the range
of 5–300 K using the vibrating sample magnetometry (VSM) option
of a Quantum Design PPMS DynaCool system. Temperature depen-
dent data were collected both in zero-field-cooled (ZFC) and field-
cooled (FC) modes in the applied field up to 20 kOe. Magnetic hys-
teresis loops, M(H), were measured at different temperatures below
250 K between −20 kOe and 20 kOe under both ZFC and FC condi-
tions. Before each measurement, the samples were warmed to 320 K
and kept at this temperature for 30 min to ensure demagnetization.
For ZFC experiments, the samples were cooled in a zero magnetic
field from room temperature to the measuring temperatures. For
FC experiments, the sample was cooled in different magnetic fields,
Hcool, from 0.8 kOe to 20 kOe, while temperature was changed in the
same way as in the case of ZFC experiments.
III. RESULTS AND DISCUSSION
According to both SEM observations and XRD study, as well
as the neutron diffraction data measured in a wide temperature
range,13 the annealed BiFe0.5Sc0.5O3 ceramics were homogeneous
and single-phase with the polar Ima2 perovskite structure. Below
TN ∼ 220 K, the dc magnetic moment of the samples rapidly
increases, indicating an onset of the antiferromagnetic order with
a weak ferromagnetic component (see the supplementary material
for more details).
The M(H) dependences measured below TN show hysteresis
with a weak ferromagnetic contribution to the total magnetization.
All loops recorded after ZFC turned out to be centered about the ori-
gin of coordinates H and M (Fig. S3 in the supplementary material),
while the loops after FC are shifted to the negative direction of the
H-axis (Fig. 1). Such a shift indicates an exchange bias effect with the
EB field, HEB, and the coercive field, Hc, defined as
HEB = (H1 + H2)/2, (1)
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FIG. 1. Magnetic hysteresis loops for the polar BiFe0.5Sc0.5O3 polymorph mea-
sured after the FC procedure [the numbers denote the temperature values (in
Kelvin)]: (a) the hysteresis loops measured after the FC procedure at 50 K,
150 K, and 200 K and (b) the magnified central region of the hysteresis loops
at 50 K measured after ZFC and FC (Hcool = 20 kOe).
and
HC = (H2 −H1)/2, (2)
respectively. Here, H1 and H2 are the magnetic field values that
correspond to the zero M value for decreasing and increasing
field branches of the hysteresis loops. As seen from the inset in
Fig. 1, for the sample cooled down to 50 K in the magnetic field
Hcool = 20 kOe, H1 and H2 are −3.24 kOe and 1.87 kOe, respectively.
The EB field and the coercive field calculated using Eqs. (1) and (2)
are HEB ∼ −0.69 kOe and Hc ∼ 2.56 kOe, respectively.
The value of the EB field in BiFe0.5Sc0.5O3 strongly depends
both on temperature (Fig. 2) and the cooling magnetic field (Fig. 3).
HEB increases non-linearly with decreasing temperature and reaches∼1 kOe at 5 K (at Hcool = 20 kOe) (Fig. 2). This HEB value is
about 65% of the corresponding coercive field. Similarly, at a fixed
temperature, the magnitude of HEB increases as the cooling field
is increased. One can see from Fig. 3 that at 5 K, HEB(Hcool)
increases fast at low values of the cooling field but changes slowly at
Hcool > 15 kOe, reaching a maximum absolute value of HEB ∼ 1 kOe
at Hcool = 20 kOe. For zero cooling field, HEB = 0.
The measurements performed on a sample of the antipolar
Pnma modification of BiFe0.5Sc0.5O3 gave a maximum value of the
EB field of 46 Oe, which is about a factor of 20 lower than that
in the polar polymorph under the same conditions of Hcool and
temperature. At the same time, the FC magnetization measured at
5 K is smaller in the polar polymorph than in the antipolar one
(cf. ∼0.02 emu/g vs ∼0.09 emu/g).13
The observed EB effect denotes unidirectional exchange inter-
action anisotropy, driving the FM moments back to their initial ori-
entations when the magnetic field is removed. As mentioned, the
EB effect is caused by the exchange interaction at the interface of
coexisting phases of a different magnetic nature.
FIG. 2. The temperature dependences of the exchange bias field, HEB(T), and the
coercive field, Hc(T), at Hcool = 20 kOe. The lines between the points are guides
to the eye.
We have recently demonstrated for particular temperatures14
that the field dependence of magnetization of this material, M(H), is
best fitted as a sum of two contributions only, M1(H) + M2(H). The
first (non-linear to the applied field) term, described by a Langevin
function, is considered to be an FM contribution to the total mag-
netic moment of BiFe0.5Sc0.5O3, while the second (linear) term,
M2 = χH, is an AFM contribution (supplementary material). Based
on this approach, the temperature dependent FM contribution to
the total magnetization, MFM(T), was calculated (Fig. 4). The shape
of the obtained MFM(T) plot agrees well with that of the experimen-
tal ZFC M(T) curve (supplementary material) and the temperature
dependent coercive field curve Hc(T) (see Fig. 2). When compar-
ing the curves, one should take into account that the position of the
maximum depends on the value of the magnetic field applied. The
HEB value increases with the decrease in the FM contribution to the
total magnetization (Fig. 2).
FIG. 3. Cooling field dependences of the exchange bias field, HEB(Hcool), and the
coercive field, Hc(Hcool), at 5 K. The lines between the points are guides to the eye.
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FIG. 4. The FM contribution, MFM, obtained by subtracting the AFM contribu-
tion, χH, from the total experimental magnetic moment, Mexp, as a function of
temperature. The line between the points is a guide to the eye.
A sharp increase in the absolute value of the EB field below
about 150 K (Fig. 2) agrees well with the decrease in the FM con-
tribution and a decrease in the coercive field below this temperature
(Fig. 3). These data seem to be consistent with the Meiklejohn model
evaluation of HEB in a two layer AFM–FM system,15 HEB ≈ Jex/(MFM× tFM), where Jex is the FM/AFM exchange interaction constant
per unit area, and MFM and tFM are the magnetization and thick-
ness of the FM layer, respectively. The lower HEB value observed
in the antipolar polymorph in comparison with that in the polar
one conforms to the Meiklejohn model as the antipolar polymorph
demonstrates a higher MFM value.
Based on these results, we suggest that the exchange bias effect
in the studies manifests a coexistence between AFM and weak FM
regions. Usually, it is related to a core–shell structure of nanoparti-
cles25 or compositional segregation.26,27
Huang et al. reported on the exchange bias effect in BiFeO3
nanoparticles that demonstrate a natural core–shell structure.25 The
exchange interaction in such a material was shown to occur between
the frozen surface spins and the “core” spins. It was demonstrated
that this EB effect in BiFeO3 is scale-dependent and exhibits itself
only when the nanoparticles are as small as 18 nm in diameter.
The BiFe0.5Sc0.5O3 ceramics are certainly not nanostructured (see
Fig. S1 in the supplementary material). Therefore, in the ceramics
under study, a shell contribution (if any) is negligible in comparison
with the volume AFM contribution.
Belik has observed an EB effect in high-pressure synthesized
BiFe1−xMnxO3 ceramics.26 In many respects, this material is very
close to BiFe0.5Sc0.5O3. Belik associated the tunable EB effect in
BiFe0.6Mn0.4O3 with “extrinsic” reasons, such as the presence of
magnetic impurities (a real extrinsic origin) or sample inhomo-
geneities or even surface effects (a pseudo-extrinsic origin). The
magnetization loop obtained in BiFe0.6Mn0.4O3 was of a butterfly-
like shape, which is a certain indication of magnetic impurity(ies).
However, no butterfly-like loops has been observed in our case.
Besides, the detailed neutron diffraction study between 1.5 K and
300 K revealed no other magnetic phase except for antipolar Pnma
or polar Ima2 in the as-prepared and the annealed samples of
BiFe0.5Sc0.5O3, respectively. Therefore, the presence of a magnetic
phase with a nature different from the weak ferromagnetism driven
by the Dzyaloshinskii–Moria antisymmetric exchange in the anti-
ferromagnetic BiFe0.5Sc0.5O313 can be ruled out. Nevertheless, the
exchange bias phenomenon, which is a strong interface effect, cer-
tainly manifests itself in the polar phase of BiFe0.5Sc0.5O3. This sug-
gests that the EB effect is intrinsic to this material and is likely caused
by local magnetic heterogeneities.
These local magnetic heterogeneities may manifest themselves
in a spin-glass like behavior, which is attributed to magnetic order-
ing frustration resulting from a local random competition between
antiferromagnetic and ferromagnetic interactions.28 The spin-glass
behavior was reported both in unmodified1 and in doped BFO.29
In the recently reported case, the competing AFM–FM interactions
are related to a partial reduction in Fe3+ to Fe2+.29 We have also
observed a spin-glass like behavior in BiFe0.5Sc0.5O3 with a char-
acteristic cusp anomaly on the ZFC curve at approximately 150 K
(Fig. S2), i.e., at the same temperature, below which the exchange
bias field starts increasing sharply. The spin-glass like behavior is
another manifestation of the coexistence of FM and AFM ordered
regions.30
Thus, despite structural homogeneity, we deal with nanoscale
magnetic phase segregation. It is likely that two antiferromagnetic
nano-size phases, not resolved in neutron scattering, coexist in the
polar BiFe0.5Sc0.5O3 polymorph with one of the phases being a
weak ferromagnetic. Ceramics of high-pressure stabilized phases are
under mechanical stress since such a phase is obtained by quench-
ing.12 Moreover, such a stress is not homogeneous that can result in
suppression of the weak ferromagnetism in some domains. This is in
agreement with results of our previous study, indicating that mag-
netic properties of BiFe0.5Sc0.5O3 are very sensitive to the applied
uniaxial pressure.14 Another origin of nanoscale magnetic phase seg-
regation can be the non-homogenous distribution of B-site cations.
In Sc-rich regions, the Dzyaloshinskii–Moriya interaction and the
resulting weak ferromagnetism can be suppressed. Besides, exchange
bias can arise on the border between these regions and the Fe-rich
regions. Further studies will be necessary to prove or disprove these
assumptions.
IV. CONCLUSION
The high-pressure stabilized multiferroic BiFe0.5Sc0.5O3 per-
ovskite exhibits antiferromagnetic ordering with a weak ferromag-
netic component. Below the Néel temperature, TN ∼ 220 K, an
exchange bias effect, which can be tuned by the cooling magnetic
field and temperature, has been revealed. The observed EB is intrin-
sic to this material and is evident of a local magnetic inhomogeneity
associated with a nanoscale magnetic phase segregated state. We
assume that two antiferromagnetic phases coexist in this material
and one of the AFM phases is a weak ferromagnetic. Exchange cou-
pling at interfaces between the AFM domains and weak ferromag-
netic domains causes unidirectional anisotropy of magnetization,
resulting in the EB effect. The effect is sufficiently large at easily
accessible temperatures and, provided enhancement and optimiza-
tion via chemical modification of the material, has potential for
practical application.
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SUPPLEMENTARY MATERIAL
See the supplementary material for details of the precursor
preparation and the high-pressure synthesis, the SEM observations,
the XRD study, and results of the preliminary magnetic measure-
ments, as well as the equations used for calculation of the field
dependent magnetization.
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